[1] Correlations between concentrations of newly formed particles and sulfuric acid vapor were analyzed for twenty one nucleation events measured in diverse continental and marine atmospheric environments. A simple power law model for formation rates of 1 nm particles,
Introduction
[2] New particle formation by nucleation of gas phase species significantly influences the size distributions and number concentrations of atmospheric aerosol particles. These aerosol particles are believed to exert a considerable impact on global climate by affecting the Earth's radiation balance directly through the scattering of solar radiation or indirectly through their role as cloud condensation nuclei [IPCC, 2007] . Several recent field campaigns [Kerminen et al., 2005; Laaksonen et al., 2005; Lihavainen et al., 2003] and modeling efforts [Ghan et al., 2001] have directly implicated newly formed particles from atmospheric nucleation events as an important source of cloud condensation nuclei. It is essential that new particle formation by sufficiently well understood since global climate models require accurate prediction of atmospheric new particle formation in order to realistically capture aerosol radiative effects.
[3] New particle formation in the atmospheric boundary layer has been frequently observed in diverse locations including boreal forests, European coastal environments, and rural and urban continental regions in North America. Field studies conducted by Weber et al. [1995 Weber et al. [ , 1997 at remote marine and continental sites have shown that sulfuric acid vapor is involved with new particle formation and that the maximum measured new particle formation rates at those locations varied in proportion to [H 2 SO 4 ] 2 . Analysis of two European measurement campaigns by Sihto et al. [2006] and Riipinen et al. [2007] have further explored this correlation between sulfuric acid and the concentration of newly formed particles (nominally 3 -6 nm) and have demonstrated a simple power law relationship between observed particle formation rates and sulfuric acid vapor concentration where the [H 2 SO 4 ] exponent varies between 1 and 2. These parameterizations were able to quantitatively explain many features of the observed nucleation events and have subsequently been implemented in the off-line chemical transport model of Spracklen et al. [2006] and the one-dimensional aerosol formation model of Boy et al. [2006] .
[4] The present study was motivated by similar correlations between concentrations of sulfuric acid vapor and newly formed particles measured in various continental and marine locations: Tecamac, Mexico [Iida et al., 2008] ; Atlanta, Georgia ; Macquarie Island [Weber et al., 1998a] ; Hyytiälä, Finland Riipinen et al., 2007] ; Boulder, CO [Eisele et al., 2006] ; Idaho Hill, CO [Weber et al., 1997] ; and Mauna Loa, HI [Weber et al., 1995] . Simultaneous concentration measurements of sulfuric acid vapor and newly formed particles were analyzed from this diverse set of atmospheric locations.
[5] The nucleation rate of critical clusters was a central quantity in this analysis and was estimated as the formation rate of 1 nm particles (J 1 ). Because critical clusters formed by atmospheric nucleation events cannot yet be measured (minimum detectable size $3 nm), J 1 was extrapolated from the formation rate of 3 nm particles (J 3 ), which was obtained from measured particle size distributions. The functional dependence of J 1 on [H 2 SO 4 ] was studied by assuming a simple power law model for new particle formation where
P . An unconstrained least squares fit between measured values of J 1 and [H 2 SO 4 ] yielded best fit parameters P and K. The nucleation exponent P and prefactor K provide insight into the nucleation mechanism, where P values of 1 and 2 correspond to the activation and kinetic [McMurry and Friedlander, 1979; McMurry, 1980 McMurry, , 1983 ] models for new particle formation, respectively. The activation model assumes that nucleation occurs through the activation of small clusters containing one H 2 SO 4 molecule through one of several mechanisms including heterogeneous nucleation and heterogeneous chemical reactions. The kinetic model assumes that critical clusters are formed through bimolecular collisions of sulfuric acid containing clusters. The prefactors for both models contain chemical and physical details of the nucleation process. The resulting best fit nucleation exponent and corresponding prefactor provide a simple parameterization for atmospheric new particle formation that could be used in global climate models.
Apparatus and Techniques

Campaign Sites
[6] The data from Hyytiälä were acquired by the research team from the University of Helsinki while the other measurements were carried out by the group from the University of Minnesota and the National Center for Atmospheric Research. A summary of pertinent parameters from each measurement campaign is listed in Table 1 . Mauna Loa and Macquarie Island are marine sites in the Pacific Ocean while Tecamac, Atlanta, Boulder, Idaho Hill, and Hyytiälä are various urban and rural continental sites in North American and Europe. Detailed descriptions of the physical and meteorological conditions at each site can be found in the cited references.
Measurement Instrumentation
[7] Various instruments from each measurement campaign enabled extensive characterization of aerosols and major gas-phase compounds. The aerosol instrumentation allowed for evaluation of the particle size distribution and aerosol surface area, while the gas-phase instrumentation provided continuous measurements of H 2 SO 4 , SO 2 , and numerous meteorological parameters. A summary of the pertinent instruments utilized during each measurement campaign is listed in Table 2 . Details of the measurement techniques are discussed in the cited references.
Data Analysis
[8] The rate (J 3 ) at which particles grow past the minimum detectable size ($3 nm) by vapor condensation is:
where dN/dDp and dD p /dt are the aerosol size distribution and particle diameter growth rate, respectively, at 3 nm. This exact expression was then approximated as :
where DD p is the diameter size range of newly formed particles associated with the following measurement techniques listed in Table 2 : PHA (3 -4 nm) and Nano-SMPS (3 -6 nm), DN NFP is the number concentration of newly formed particles in these size ranges, and GR 1 -3 is the particle growth rate from 1 to 3 nm. The approximations in equation (2) assume that the distribution function dN/dD p is constant within the diameter size range and does not vary with time, which introduces some uncertainty in J 3 .
[9] The PHA technique measures ultrafine aerosols defined as particles in the narrow size range from 3 nm, the lower detection limit of the ultrafine condensation particle [Eisele and Tanner, 1993] ; [Sjostedt et al., 2007] describes instrument from Tecamac campaign in detail.
b Nano-SMPS: Nano scanning mobility particle sizer (3 -40 nm) [Stolzenburg and McMurry, 1991; Chen et al., 1998 ]. c SMPS: Scanning mobility particle sizer (20 -250 nm) [Wang and Flagan, 1990] . d OPC: Optical particle counter (0.1 -2 mm), Lasair Model 1002.
e PHA: Pulse height analysis method (3 -4 nm) [Saros et al., 1996; Weber et al., 1998b ] using an ultrafine condensation particle counter (UCPC) [Stolzenburg and McMurry, 1991] . f CPC: Condensation particle counter (>10 nm), TSI Model 3020. g CIMS: Chemical ionization mass spectrometry [Hanke et al., 2002] . h DMPS: Differential mobility particle sizer (3 -500 nm) [Birmili et al., 2003 ].
counter (UCPC), to nominally 4 nm in diameter [Weber et al., 1998b] . The Nano-SMPS diameter size range was chosen to be small enough to be considered newly formed but large enough to achieve good Poisson counting statistics [McMurry, 2000] . Values of DN NFP were obtained from size distribution measurements while GR 1 -3 was estimated from the observed time shift (Dt) between increasing [H 2 SO 4 ] and DN NFP , which is often interpreted as the time required for a critical cluster of roughly 1 nm diameter to grow to the lower detection limit of 3 nm [Weber et al., 1997; Kulmala et al., 2004; Fiedler et al., 2005; Sihto et al., 2006] [10] Assuming a steady state cluster distribution between 1 and 3 nm particles, the nucleation rate of 1 nm particles (J 1 ) was extrapolated from time-shifted values of J 3 by incorporating the probability that a particle would grow from 1 to 3 nm by vapor condensation before being scavenged by the pre-existing aerosol according to the relation [Weber et al., 1997; :
where A Fuchs is the median value of the Fuchs surface area of the pre-existing aerosol during the time interval [t, t + Dt], k B is the Boltzmann constant, T is the temperature, r is the aerosol density, and D p1 and D p3 correspond to the initial (1 nm) and final (3 nm) particle size. Values of the exponential in equation (3) typically range from 2 to 10 for the analyzed nucleation events. This expression assumes that the removal of particles in the 1 to 3 nm range by coagulation with the pre-existing aerosol can be calculated by using the Fuchs-Sutugin transition regime condensation expression [Fuchs and Sutugin, 1971] . In calculating A Fuchs with this expression, we used a mean free path of 0.1 mm. This value was chosen by comparing ''condensation'' rates of 1 -3 nm particles using the Fuchs-Sutugin transition regime expression with coagulation rates of 1 -3 nm particles calculating using the Fuchs transition regime coagulation equation [Fuchs, 1964] , which is the most accurate method available for calculating these removal rates. The value of 0.1 mm for the mean free path leads to overall loss rates that are within 10% of the values that would be obtained using the Fuchs transition regime coagulation expression. 
where c 1 is the monomer mean thermal speed and D is the vapor diffusivity. Uncertainties in J 1 inevitably arise due to uncertainties in the exponential of equation (3), but it will be shown in section 3.3 that, under certain assumptions, these uncertainties affect the prefactor K and not the nucleation exponent P.
[11] These estimated values of J 1 were fit by the method of least squares to the corresponding values of [H 2 SO 4 ] according to a simple power law expression of the form:
where both the exponent P and the prefactor K were unconstrained fitting parameters. For measurement campaigns where more than one nucleation event was measured, this fitting approach was applied to the campaign as a whole. The resulting cumulative data set contained measured values of J 1 and [H 2 SO 4 ] from all nucleation events observed at a particular location, enabling a wider dynamic range over which the unconstrained least squares fit could be applied. Applying this cumulative fitting method over the entire measurement campaign would then generate one set of best fit parameters P and K that characterized nucleation events for a particular location. Implicit in this approach is the assumption that nucleation events occur by the same mechanism during each measurement campaign, though there may be variability in daily meteorological conditions and gas-phase species concentrations.
[12] For each cumulative data set, we examined the sensitivity of P to the length of the fitting time intervals over which the least squares fit was applied. In one case, the cumulative data set contained values of J 1 and [H 2 SO 4 ] from time intervals spanning the entire day for each nucleation event that was observed. In the other case, the cumulative data set contained values of J 1 and [H 2 SO 4 ] from time intervals during which particle production was obviously taking place, starting at the initial rise in DN NFP and ending either when DN NFP decreased significantly or when there was indication of an abrupt change in particle concentration, typically in the 10-50 nm range. Riipinen et al. [2007] also investigated the relationship between J 1 and [H 2 SO 4 ] for nucleation events measured in Hyytiälä and Heidelberg, Germany. Their fitting approach was applied to individual nucleation events as opposed to the campaign as a whole. They fit their measured J 1 and [H 2 SO 4 ] assuming constrained nucleation exponent values of 1, 2, or 3 and allowed their prefactors to vary freely. Our approach both examines time interval sensitivity and analyzes the campaign data set as a whole while allowing both the nucleation exponent and prefactor to vary as free parameters. Table 3 . Four nucleation events from Tecamac, Mexico yielded no discernible time shift, implying that the particle growth rates from the size of the initial nuclei to the particle detection limit were higher than those typically observed in rural, remote, and most other urban environments . For two of these events, the diameter growth rates were estimated from size-dependent charge fractions [Iida et al., 2008] . The growth rates for the remaining two events were calculated assuming a Dt equal to the measurement time resolution for particle size distributions, yielding a lower limit to the actual growth rate.
Results and Discussion
[14] The nucleation event measured at Macquarie Island was unique in the analyzed data set since evidence of new particle formation involving biogenic gas-phase species was observed via aircraft-based measurements as opposed to land-based measurements of photochemically driven nucleation events [Weber et al., 1998a] . This intense burst of particle formation was detected downwind of a penguin colony but not in immediately adjoining air, which led to the conclusion that biogenic emissions from the colony contributed to new particle formation. A rough correlation between DN NFP and [H 2 SO 4 ] was observed, but values for Dt and GR 1 -3 were not obtained from a correlation analysis due to the relatively constant [H 2 SO 4 ] profile that accompanied the particle burst. Instead, DN NFP was not timeshifted with respect to [H 2 SO 4 ] and the particle growth rate was estimated to be 4 nm/h based on the transport time from the coast to the measurement location, assuming the island was the starting point for growth [Weber et al., 1998a] .
Sensitivity of P to Fitting Time Intervals
[15] The value of the nucleation exponent P was sensitive to the lengths of the fitting time intervals, varying from approximately 1 when fitting over the entire day to 2 when fitting only over the duration of the nucleation events. This sensitivity is illustrated in Figures 2 and 3 , where J 1 is plotted versus [H 2 SO 4 ] for the cumulative Tecamac measurement campaign and for two nucleation events from the Hyytiälä measurement campaign, respectively. For the Tecamac campaign, applying a cumulative least squares fit over time intervals spanning the entire day yielded a P value and corresponding 90% confidence interval of 0.85 ± 0.05 as shown in Figure 2a , while applying the cumulative fit over time intervals spanning only the nucleation events yielded a P value of 1.99 ± 0.09 as shown in Figure 2b . The corresponding plots for the analyzed events from the Hyytiälä campaign are shown in Figures 3a and 3b , where the P value varies from 1.15 ± 0.08 to 1.99 ± 0.11 as the fitting time intervals are restricted from spanning the entire day to only the nucleation events. This convergence of P toward 2 was consistently observed when examining multi and single-event data sets from the various campaigns. This dependence of the nucleation exponent on the length of the fitting time interval can be attributed to the inclusion of J 1 and [H 2 SO 4 ] values that were measured from sources not associated with nucleation, such as pre-existing background aerosol, plume transport, and vertical down-mixing associated with the morning development of the boundary layer. These best fit values of P and K, generated from choosing fitting time intervals that span only the nucleation events, were chosen as those parameters that most accurately characterize nucleation for a particular location.
Best Fit Parameters P and K
[16] Values for the best fit parameters P, K, and K kinetic (the resulting kinetic prefactor when P = 2) and the corresponding 90% confidence intervals are listed for each measurement campaign in Table 4 . The nucleation exponent P varies narrowly from 1.98 ± 0.23 to 2.04 ± 0.27 for the different atmospheric environments. To within experimental uncertainty, these results support the conclusion that P = 2. According to the nucleation theorem for multicomponent systems [Oxtoby and Kashchiev, 1994] , an exponent value of 2 indicates that the critical cluster contains two sulfuric acid molecules. This result is supported by the work of Hanson and Eisle [2002] in which their measurements of prenucleation molecular clusters indicate a critical cluster containing 2 H 2 SO 4 molecules. Our results suggest that current classical, binary, and ternary nucleation theories do not correctly predict these atmospheric observations, since they predict a critical cluster containing more than two sulfuric acid molecules. A critical cluster containing two sulfuric acid molecules can be formed through a kinetically limited nucleation process where a collision between two H 2 SO 4 molecules or H 2 SO 4 containing clusters is the ratelimiting step in the formation of a stable critical cluster.
[17] A similar approach was followed by Sihto et al. [2006] when analyzing nucleation events measured in the Boreal forests, where constrained nucleation exponent values of both 1 and 2 were shown to adequately model nucleation rates. Riipinen et al. [2007] arrived at a similar conclusion for their nucleation exponent when analyzing a more recent campaign at the same location. Our re-analysis of the published results of Sihto et al. [2006] , while focusing on the time interval starting at the initial rise in DN NFP and ending after the peak value in DN NFP , yielded an unconstrained P value of 1.99 ± 0.11 and K kinetic value of 3.86 Â 10 À13 cm 3 s
À1
, in reasonable agreement with the published mean prefactor value of 5.7 Â 10 À13 cm 3 s À1 for that location assuming a kinetic model . While a P value of 1.99 best fits the measured nucleation rates and sulfuric acid vapor concentrations for the composite data set as seen in Figure 3b , it is worth noting that the best fit slopes of J 1 versus [H 2 SO 4 ] are different when the nucleation events are analyzed individually, with P = 1.30 ± 0.14 for the nucleation event measured on 03/25/03 and P = 1.92 ± 0.13 for the nucleation event measured on 03/26/03. It may be significant that sulfuric acid vapor concentrations on 03/25/03 extended to values as low 4 Â 10 5 cm
À3
, which is the lowest value of [H 2 SO 4 ] at which new particle formation was observed in these studies. The lowest values for the other nucleation events were typically >2 Â 10 6 cm À3 .
[18] Uncertainties in the extrapolated values of J 1 , primarily from uncertainties in the estimated value of GR 1 -3 and their subsequent propagation in equations (2) and (3), represent the largest source of error when determining these best fit parameters. However, by making certain assumptions, it can be shown that uncertainties in GR 1 -3 affect the value of the prefactor K and not the value of the nucleation exponent P. These assumptions are: (1) uncertainties in GR 1 -3 are constant from event to event in a campaign, (2) values of A Fuchs are constant during a nucleation event, and (3) values of the ratio A Fuchs /GR 1 -3 are constant from event to event in a campaign. The resulting effect of Correlation analysis yielded Dt = 0; growth rate estimated from sizedependent charge fractions [Iida et al., 2008] . c Correlation analysis yielded Dt = 0; lower limit to growth rate calculated assuming Dt equal to measurement time resolution. Correlation analysis not performed for Macquarie Island nucleation event due to relatively constant [H 2 SO 4 ] profile that accompanied measured particle burst; growth rate estimated based on transport time from island to measurement location [Weber et al., 1998a ]. e Growth rates are in good agreement with modal growth rates calculated by Stolzenburg et al. [2005] .
uncertainties in GR 1À3 is to then shift the values of log J 1 by a constant offset. The value of the nucleation exponent P is therefore not affected, while the value of log K is offset by a constant factor. Our analysis focuses only the short time period during which new particle formation is observed and the corresponding values of A Fuchs from our analyzed nucleation events deviate by at most 20%. The ratio A Fuchs /GR 1À3 gives an indication of whether new particle formation occurs and for the nucleation events that were analyzed in each measurement campaign, the values of the ratio varied by at most 30%. With these variabilities in A Fuchs and A Fuchs /GR 1À3 , a 50% uncertainty in GR 1À3 results in uncertainties in values of P and log K that are within the 90% confidence intervals calculated assuming no uncertainty in GR 1À3 .
[19] The prefactor K kinetic spans nearly 3 orders of magnitude from 10 À14 to 10 À11 cm 3 s À1 across the different measurement campaigns. Comparison with the hard-sphere collision frequency ($4 Â 10 À10 cm 3 s
À1
) suggests that not every bimolecular collision between H 2 SO 4 containing clusters results in the formation of a stable critical cluster. These values for K kinetic are in the typical range of bimolecular gas-phase reaction rate constants. There are several reasons why such reaction rates are less than the hardsphere collision frequency, which include steric requirements for a successful collision trajectory between approaching clusters, and energetic requirements for stable cluster formation. This energetic barrier to stable cluster formation can be understood within the context of bimolecular reaction rate theory [Dean, 1985] in which the rate of stable cluster formation is governed by the competition between stabilization and decay of an energetically unstable complex formed from the collision of two H 2 SO 4 containing clusters. The variability in K kinetic with environment points to a possible dependence on gas-phase species that co-nucleate with sulfuric acid vapor and stabilize the critical cluster. The identity and concentration of these species, which could vary significantly with environment, would influence their ability to accommodate the cluster collision energy. Further work in developing a bimolecular nucleation mechanism and quantifying the degree of energy accommodation during cluster formation will be the subject of a subsequent paper.
Conclusions
[20] Correlations between concentrations of newly formed particles and sulfuric acid vapor have been analyzed for nucleation events measured at various atmospheric locations. Unconstrained least squares fits between measured formation rates of 1 nm particles and corresponding sulfuric acid vapor concentrations yielded a nucleation exponent of 2 in different environments, suggesting a kinetically limited nucleation mechanism in which the critical cluster contains two sulfuric acid molecules. Analyzing multi-event campaigns as a whole enabled a more robust data set with a wider dynamic range in J 1 and [H 2 SO 4 ] over which the fitting method was applied. Restricting the fitting time intervals to only the duration of nucleation events ensured that the resulting best fit parameters would accurately characterize the nucleation event. Best fit K kinetic values were several orders of magnitude below the hard-sphere collision limit, suggesting a strong barrier to critical cluster formation that can be rationalized within the context of energy accommodation during the cluster formation process. Factors that lead to variability in K kinetic with environment need to be investigated further and may be influenced by co-nucleating species which stabilize the critical cluster to varying degrees based on their identity and concentration. This analysis provides a simple power law parameterization of atmospheric new particle formation that could be implemented in global climate models.
